Abstract-
INTRODUCTION
The desire for size, weight, and power (SWaP) improvements in power conversion systems (PCS) has driven the use of wide bandgap (WBG) devices as a replacement for silicon (Si). Gallium nitride (GaN) and silicon carbide (SiC) devices have emerged as the most heavily utilized WBG power devices, and been developed and instituted to improve performance metrics in a variety of PCS applications. The relative immaturity of native GaN substrates has historically driven the development of GaN-on-Si and GaN-on-SiC solutions for power switching and RF devices, respectively. While this heteroepitaxial growth uses lower cost substrates than does GaN-on-GaN, these devices have suffered from high defect densities and have been limited to lateral device topologies (e.g. HEMTs).
Difficulties in electric field management in lateral structures have limited GaN power devices to applications under approximately 600V, allowing SiC devices to be dominant in WBG power electronics high voltage applications [1, 2] .
With the advent of higher quality, lower cost GaN substrates, new vertical device structures such as GaN diodes grown on GaN substrates form the basis of a compelling argument for high voltage GaN devices in power electronics. These new devices have been demonstrated to hold off 1200 V or more and have current carrying capability of 100 A [2] , allowing for the possibility of their incorporation in high power applications. However, the performance and reliability of these devices is relatively unknown, with little reported in the literature on the metrics necessary for incorporation into PCS. In this paper, we report on the switching characteristics of vGaN diodes in a realistic loaded switching environment and compare those results with a SiC SBD and a conventional Si diode.
A. Advantages of Vertical GaN
As a material, GaN has favorable properties compared to Si and SiC, offering a better unipolar figure-of-merit (FOM), shown in Fig. 1 [3] [4] [5] [6] . The higher bandgap of GaN means that GaN diodes can achieve higher breakdown voltage at lower onresistance [3, 6] . This theoretical limit in device performance has been elusive in traditional lateral GaN devices, due partly to the necessary growth on non-native substrates such as sapphire, Si, and SiC. To improve power device performance, v-GaN device structures have emerged as competitors to both lateral GaN and SiC devices [9] [10] [11] . The v-GaN structure, which can be seen in Fig. 2 , allows for higher breakdown voltage through the use of a thick, low-doped drift region coupled with appropriate edge termination to reduce field crowding. An additional advantage of v-GaN over lateral GaN is the robustness introduced by avalanche breakdown capability [8, 11] .
B. Importance of Switching Characteristics
In Si diodes, switching is the dominant loss mechanism, which has prompted numerous investigations dating back many decades into the reasons for these large switching losses [13, 14] . It is well-known that Si diodes experience a reverse recovery effect when switching from a conducting state to a blocking state. The reverse recovery period is typically defined as the time during which the diode current falls below 0 A before returning to 0 A [15] . In a minority-carrier device such as a PiN diode, the reverse recovery effect can be explained by 978-1-5090-1576-4/16/$31.00 ©2016 IEEEthe minority carriers injected across the junction. When conducting current, the diode is flooded with minority carriers, which causes current to flow across the junction. When switching from conducting to blocking, the minority carriers present in the depletion region must be swept out via recombination, which is manifested as a reverse current [3, 16] . Although junction capacitance also contributes, for Si devices this minority-carrier recombination limits the reverse recovery time.
Shorter carrier lifetime decreases the reverse recovery effect significantly, so a GaN diode with very short minoritycarrier lifetime could achieve significantly faster switching, and consequently would have much smaller switching loss [16, 17] . A similar effect can be realized by removing the p-n junction entirely, as is done in SBDs, which are majoritycarrier devices [18, 19] . In majority-carrier devices, the reverse recovery period is dictated only by the capacitance of the Schottky junction.
Significantly, v-GaN PiN diodes are expected to be able to match a SiC SBD's switching capabilities, with the added benefits of having a better FOM, and being projected as cheaper to produce (on a per Amp basis) in the near future.
C. Avogy Vertical GaN Diodes
Avogy Inc. has fabricated high-quality v-GaN diodes (AVD05120 series) that offer a true vertical structure, being grown on conducting GaN substrates. These PiN diodes consist of an n + region, an n -drift region, and a p + as well as the required edge termination structures, as shown in Fig. 2 [3, 11, 17] . The diodes are rated for 1200 V (reverse) and 100 A (forward, pulsed).
II. EXPERIMENTAL SETUP & RESULTS
The GaN diodes were evaluated using the DPTC shown in Fig. 3 . This circuit is most often used to test transistors, but uses a diode to do so. Thus, switching the device under test from the transistor to the diode is a simple matter of measuring different signals within the circuit. In this case, four signals were measured -the input voltage, V in ; the transistor voltage, V DS ; the transistor current, I DS ; and the diode current, I D . From these measured quantities, the diode voltage, inductor current, diode power, and transistor power signals were calculated. The diode voltage and inductor current waveforms were found using a simple application of Kirchoff's voltage and current laws, respectively.
The DPTC was driven by a long pulse of 15 μs followed by a short pulse of 4 μs. The two pulses were separated by a pause of 4 μs. The described pulse sequence is mirrored by the diode voltage shown in Fig. 4 (blue trace). This input allowed for the measurement of one conducting-to-blocking transition and two blocking-to-conducting transitions in the diode. The 
Fig. 2. Schematic of v-GaN diode on native GaN substrate
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conducting-to-blocking transition is of primary interest here because it is the transition that is dictated by the reverserecovery process. Fig. 5 shows the diode current waveform zoomed into on the region where the reverse recovery period is expected. However, the waveform displays no evidence of a reverse recovery effect; instead, there is just a transient ripple in the current after it falls. This apparent absence of a reverserecovery effect in the v-GaN diode is similar to the behavior of SiC SBDs. Further examination of this conducting-to-blocking transition (Fig. 5 ) reveals a consistent switching time of around 70 ns, and the same inspection of blocking-to-conducting transitions (Fig. 6 ) reveals switching times of around 100 ns, although this is limited by circuit parasitics as opposed to the intrinsic properties of the device, since GaN devices are expected to have carrier lifetimes on the order of single nanoseconds [20] ). The lack of an apparent reverse-recovery period was investigated further by testing the diodes at different input voltages. The results of these tests can also be seen in Fig. 5 and indicate that the input voltage of the DPTC does not significantly affect the reverse recovery in v-GaN PiN diodes.
Once the effect of varying input voltage on the GaN diode behavior was fully investigated, the diode behavior was compared to that of Si diodes and SiC SBDs, which were subjected to the same tests as the GaN diode. The reverse recovery characteristic of each diode is shown in Fig. 7 , with Si having an obvious reverse recovery effect, and the SiC SBD and the v-GaN PiN both showing negligible reverse recovery.
III. CONCLUSION
As shown by the data in Fig. 7 , the reverse recovery period is dominated by circuit parasitics for both the v-GaN diode and the SiC SBD. The SiC and GaN diodes also shared very consistent switching times between different input voltage levels. These similarities, combined with v-GaN's insensitivity to changes in input voltage (Fig. 5) indicate that this new type of GaN diode has potential for use in high voltage switching applications.
It is extremely important to realize that the results presented herein are largely qualitative, and show primarily that v-GaN switching time is comparable to SiC SBD switching time. The exact numbers for v-GaN's switching characteristics cannot be determined using a basic test circuit like the DPTC, because the intrinsic switching time of the device is masked by circuit parasitics. Nevertheless, the results indicate that GaN has a future in high voltage applications and can provide fast, lowloss switching in power electronics.
IV. FUTURE WORK
To further evaluate the potential for v-GaN devices in highvoltage switching applications, additional work must be done. First, it is critical to identify the causes for the RC transients in the DPTC (evident in Fig. 4) , and find a way to reduce these parasitics so that the reverse recovery characteristics can be better observed and quantified. It is also important to adapt the DPTC to handle higher voltages, so that switching characterization can be done at the voltages for which the vGaN devices are rated. The DPTC is a natural testing circuit for transistors, so similar characterization may in the future be applicable to vertical GaN transistors, which are in development but which are less mature than the diodes. 
